Abstract-Dispersants are a preapproved chemical response agent for oil spills off portions of the U.S. coastline, including the Texas-Louisiana coast. However, questions persist regarding potential environmental risks of dispersant applications in nearshore regions (within three nautical miles of the shoreline) that support dense populations of marine organisms and are prone to spills resulting from human activities. To address these questions, a study was conducted to evaluate the relative toxicity of test media prepared with dispersant, weathered crude oil, and weathered crude oil plus dispersant. Two fish species, Cyprinodon variegatus and Menidia beryllina, and one shrimp species, Americamysis bahia (formerly Mysidopsis bahia), were used to evaluate the relative toxicity of the different media under declining and continuous exposure regimes. Microbial toxicity was evaluated using the luminescent bacteria Vibrio fisheri. The data suggested that oil media prepared with a chemical dispersant was equal to or less toxic than the oil-only test medium. Data also indicated that continuous exposures to the test media were generally more toxic than declining exposures. The toxicity of unweathered crude oil with and without dispersant was also evaluated using Menidia beryllina under declining exposure conditions. Unweathered oil-only media were dominated by soluble hydrocarbon fractions and found to be more toxic than weathered oil-only media in which colloidal oil fractions dominated. Total concentrations of petroleum hydrocarbons in oil-plus-dispersant media prepared with weathered and unweathered crude oil were both dominated by colloidal oil and showed no significant difference in toxicity. Analysis of the toxicity data suggests that the observed toxicity was a function of the soluble crude oil components and not the colloidal oil.
INTRODUCTION
An estimated input of 1.3 million metric tons of petroleum pollutants from both natural and anthropogenic sources may be discharged into the world's oceans annually [1] . Left untreated, the physical properties of crude oil and transport mechanisms such as ocean and wind currents can result in the accumulation of oil in sensitive environments, including shorelines and estuarine wetlands. When oil accumulates in these areas, shoreline dwelling organisms may be subjected to toxic contaminant exposures [2] [3] [4] . Page et al. [5] show that oil treated with a chemical dispersant can reduce the amount of oil accumulation on sandy substrates. Subsequently, reduced toxicity to sediment-dwelling organisms was observed in sandy substrates impacted with chemically dispersed oil compared to untreated oil [3] . These studies demonstrate the potential ecological benefits of using oil spill dispersants.
Currently, dispersants are preapproved for use along the Texas and Louisiana (USA) coasts in waters greater than 10 m deep and more than three nautical miles offshore [6] . However, the risk of spills is greatest in shallow nearshore waters where petroleum transportation traffic is highest. These shallow areas can receive greater oil loading per unit volume than deeper offshore waters [7] . Thus, concerns that harmful conditions may occur if dispersants are used in these shallow * To whom correspondence may be addressed (bonner@tamu.edu).
habitats prevents the preapproval of a potentially viable response option.
Past oil spill toxicity research has shown that the crude oil fractions responsible for the observed toxicity in aquatic organisms are the lower-molecular-weight alkanes and two-and three-ringed polycyclic aromatic hydrocarbons (PAHs) [8] . Conversely, Mueller et al. [2] showed that total petroleum hydrocarbons, determined by U.S. Environmental Protection Agency (U.S. EPA) Method 418.1, in estuarine sediments correlated well with toxicity measured with Microtox (Azur Environmental, Carlsbad, CA, USA), while correlations with target saturated and aromatic analytes were weak. A subsequent wetland study by Mueller et al. [4] showed that the toxicity, also measured with Microtox, of sediment elutriates and sediment suspensions correlated well with both saturated alkanes and aromatic hydrocarbons. These laboratory studies demonstrate the potential for ecological harm to aquatic organisms from a broad range of petroleum fractions.
Dispersant toxicity to marine and aquatic species has been well documented since they were first developed as a spill response technology [9] [10] [11] [12] [13] [14] . Etkin [15] has summarized a large collection of toxicological studies involving dispersants and/ or chemically dispersed oil. Dispersants are intended to enhance oil mobilization into the water column, thus potentially resulting in increased biological stresses in affected areas because of elevated oil concentrations [7] . Supporting laboratory studies have shown that surfactants can increase crude oil PAH concentrations in the water column, thereby increasing the observed toxicity compared to no-surfactant controls [16] . Thus, legitimate concern exists regarding the use of dispersants as a viable response option.
It is clearly recognized that toxic exposures to oil spills in the open ocean can be limited by dilution and other mechanisms. A study in a laboratory reactor showed that chemically dispersed oil droplets were subject to coagulation and subsequent resurfacing [17] . Another related study reported similar dispersed oil behavior in mesoscale wave tanks [18] . Biodegradation has also been shown to rapidly reduce the concentration of chemically dispersed oil in a laboratory study using estuarine waters [19, 20] . The combined effects of physical and biological mechanisms result in rapidly declining dispersed oil exposure concentrations. Investigations have indicated that declining exposures require higher oil concentrations than long continuous exposures to achieve the same degree of toxicity [21] . Such findings suggest that standard continuous exposure tests overestimate the toxic effects of real spill conditions [22] . This study has incorporated a declining exposure protocol, in addition to standard continuous exposure protocols, to evaluate the relative effects of the two exposures.
The primary objective of this study was to determine the toxic effects of dispersant only, weathered oil only, and weathered oil plus dispersant to several marine test organisms under continuous and declining exposure regimes. A secondary objective was to determine the toxic effects of declining exposures to unweathered oil only and oil plus dispersant with one marine species. Results from these tests were then evaluated to determine the dispersant contribution to oil-plus-dispersant toxicity, the relative toxicity of oil plus dispersant and oil only, the relative toxicity of continuous and declining exposures, and the relative toxicity of weathered and unweathered oil. The toxicity effects of the different crude oil media were also analyzed to elucidate petroleum toxicity mechanisms of complex aqueous mixtures including soluble and colloidal petroleum hydrocarbon fractions.
MATERIALS AND METHODS

Toxicity protocols
All aquatic toxicity tests utilized systems and methods for acute toxicity tests that have been described in previous publications. Continuous flow, declining exposure assays used a flow-through system described by Singer et al. [23] . Static, continuous exposure assays followed protocols described in the U.S. EPA Guidelines [24] . Bacterial toxicity tests used the Microtox system using the protocol for the 100% test [25] .
Macro test organisms
Americamysis bahia (mysid shrimp), formally Mysidopsis bahia [26] and Menidia beryllina (silver side minnow) (7 d old), were purchased from Charles Rivers, formerly Aquatic Research Organisms (Hampton, NH, USA). The organisms were acclimated for 3 d in a 40-L glass aquarium with salinity adjusted seawater to 20 ppt. The organisms were fed Artemia sp. nauplii (24-48 h old) ad libitum. Both A. bahia and M. beryllina were 10 d old at the start of testing. Age specified in standard U.S. EPA effluent testing protocols is 1 to 5 d for A. bahia and 9 to 14 d for M. beryllina [24] . Cyprinodon variegatus (sheepshead minnow) (3 d old) larvae were purchased from Aquatic Biosystems (Fort Collins, CO, USA). The organisms were acclimated overnight in test water with a salinity of 20 ppt. They were fed Artemia sp. nauplii ad libitum.
Cyprinodon variegatus exposures to test conditions at 4 d old were consistent with U.S. EPA Guidelines of 1 to 14 d old [24] .
All three macrospecies are listed as standard organisms for toxicity testing of effluents in marine and estuarine receiving waters [24] . Both M. beryllina and C. variegatus are widely distributed in North America along the coastal waters of the Atlantic and Gulf of Mexico [24] . Americamysis bahia, a mysid, is common to estuarine waters of the Gulf of Mexico from Florida to Mexico [14] .
Macroorganism test protocols
Both oil-only and oil-plus-dispersant media were tested with static renewal and flow-through systems for continuous and declining exposure scenarios, respectively. The continuous exposure test protocol was adapted from standard U.S. EPA protocols used to test wastewater effluent [24] . Declining exposure tests were conducted with flow-through system following methods previously described by Singer et al. [23] . Test durations for both test types were 96 h.
Declining exposure regimes were conducted using a continuous flow system consisting of 18 individual chambers, each with a 250-ml nominal volume and a continuous flow rate of 120 ml/h. All chambers were filled to approximately 95% capacity with respective test medium. Then five organisms were added to each randomly chosen chamber. This deviates from the U.S. EPA specification of 10 organisms per chamber for each of the macro test species [24] . Following organism loading, the chambers were filled to capacity with the appropriate test medium, then a continuous flow of clean seawater to each chamber was initiated. Water quality was periodically monitored in a collection flask that combined the effluent of three replicate treatment chambers. Toxicity results were based on the initial petroleum hydrocarbon concentrations.
Assuming that the flow-through chamber behaves as a continuous flow stirred tank reactor (CFSTR), the theoretical hydraulic residence time (t r ) of 2 h was calculated by
where Q ϭ volumetric flow rate and V ϭ chamber volume. To evaluate the performance of the flow-through chamber, a dye study was conducted using an Ocean Optics (Dunedin, FL, USA) fiber-optic ultraviolet spectrophotometer to measure RhodamineWT dye concentration in situ as a function of time. Normalized results (C/C 0 ) from the dye study are shown in Figure 1 , where C ϭ concentration at time ϭ t and C 0 ϭ concentration at t ϭ 0. Also shown in Figure 1 is the concentration as a function of time in an ideal CFSTR modeled by
where ϭ Q/V ϭ 1/t r ϭ 0.48/h and t ϭ time (h). Excel (Microsoft, Redmond, WA, USA) solver was then used to solve for by minimizing the sum of squares error to fit the model (Eqn. 2) to the dye study concentration data. The resultant model fit ϭ 0.37/h (t r ϭ 2.8 h) was 40% longer than predicted for an ideal CFSTR. This deviation indicates the exposure chamber exhibits nonideal behavior and thus justifies actual measurement of the system hydraulics to characterize exposure environment.
The continuous exposure protocol was adapted from U.S. EPA effluent testing methods [24] to meet the demands of toxicity testing with insoluble and volatile contaminants. Static renewal exposures were conducted in 500-ml amber glass jars with Teflon-lined lids. Use of amber glass jars results in a deviation from the U.S. EPA methods [24] , which specify light intensity and duration. The degree of light attenuation caused by the amber jars was not determined for this study. Each jar was filled with respective test solution to within a few millimeters of the rim before organisms were loaded to the chamber. Once organisms were added, the chambers were sealed with Teflon-lined lids to prevent loss of volatile toxicant components. Volatile hydrocarbons were suspected to be a primary toxic agent in this study, making aeration an unacceptable method to maintain dissolved oxygen concentrations in the test media. However, U.S. EPA methods [24] suggest that aeration can be used as a last resort. Each day, 75% of the solution in each chamber was removed by straining through Nitex (Safar, Depew, NY, USA) (100 ) mesh to prevent loss of test organisms, replaced with fresh test solution, and then resealed. Toxicity results (effective concentrations) are based on daily average petroleum hydrocarbon concentrations.
For all declining and continuous macroorganism bioassays, each experimental treatment was tested in three replicate test chambers. Each bioassay was repeated at least twice. Definitive mortality observations were made after the 96-h exposure. Mortality was based on the number of organisms added minus the number of live organisms recovered from the three replicate chambers at the end of each bioassay. Effective concentrations, reported as no-observed-effects concentration (NOEC) and median effective concentration (LC50), were calculated for each bioassay using ToxCalc 5.0 software package (Tidepool Scientific Software, McKinleyville, CA, USA). This package permits calculation/estimation of relevant effective concentrations using several appropriate methods, including trimmed Spearman-Karber, probit, logit, and so on. The method employed in LC50 determination was dependent on available mortality data [24] . For all tests, increased toxicity is indicated by lower effective concentration values. The average toxicity values reported in this text represent the arithmetic mean of the repeated bioassays. Significant variance between the experimental treatments (e.g., oil-only continuous exposure vs oil-plus-dispersant continuous exposure) was determined with a single-tailed analysis of variance at the 95% confidence interval using Microsoft Excel. Analysis of variance determinations were based on the LC50 values calculated for each bioassay.
Microtox protocol
The Microbics Microtox system was used to evaluate the microbial toxicity of dispersant only, oil-only, and oil-plusdispersant media. All tests used the 100% protocol outlined in the Microtox Manual [25] . Filtered seawater (salinity ϭ 20 ppt) was used to prepare all media. Each assay was performed in duplicate with two controls and eight test concentrations. The highest test concentrations were 98% of the initial test media. The seven remaining concentrations were prepared by serial dilution (dilution factor ϭ 1.5). Median effective concentrations (EC50 values) were determined for 15-min exposures.
Media preparations
Dispersant-only and the oil-plus-dispersant media were prepared with the dispersant Corexit 9500 (Nalco/Exxon Energy Chemicals, Sugar Land, TX, USA). Arabian medium crude oil was used to prepare all oil-only and oil-plus-dispersant media. The oil was weathered in a vented tank by air-stripping the volatile fractions. Following this treatment, the weathered crude oil volume was approximately 25% less than the initial unweathered crude oil volume [27] .
Both oil only and oil plus dispersant were prepared in either 2-or 4-L glass aspirator flasks. The sidearm of each flask was closed off with a short length of silicone tubing and a tubing clamp. Crude oil was added gravimetrically onto the premeasured dilution water with a gastight syringe, resulting in oil load units of oil mass/water volume. The flasks were immediately sealed with Teflon stoppers. The sealed flasks were placed on magnetic stir plates, and speeds were adjusted to obtain zero vortex for oil only and 25% vortex for oil plus dispersant. A 25% vortex is defined as a vortex that reaches a depth of 25% of the total water column depth. All stir plates were equipped with digital tachometers to permit identical settings of all stir plates. For the oil-plus-dispersant media, the dispersant was applied to the center of the vortex at a dispersant mass: crude oil mass ratio of 1:10. Oil-only solutions were mixed for 48 h (nominal), while oil-plus-dispersant media were mixed for 24 h (nominal). All flasks were covered with aluminum foil during the mixing period to minimize photooxidation of the media. All media were prepared at ambient room temperature 25 Ϯ 2ЊC. Oil-only media were drawn from the aspirator flasks immediately after the stir plates were turned off at the end of the mixing period. Oil-plus-dispersant media were allowed to settle for 3 to 6 h before collecting samples for toxicity testing and chemical analysis.
Chemical analysis
Corexit 9500 solutions were quantitatively analyzed using ultraviolet spectroscopy. Corexit 9500 calibration standards were prepared with filtered salinity-adjusted seawater. The filtered seawater was used to set baseline absorbance for the standard curve at a wavelength of 240 nm. Standard concentrations of 20, 40, 50, and 100 mg/L provided linear standard curves (r 2 ϭ 0.99) that were used to calculate the concentrations of the dispersant-only test solutions. Solutions with nominal dispersant concentrations higher than those used to prepare the standard curve were diluted accordingly to maintain absorbance readings within the linear range of the standard curve. Table 1 . Dispersant-only average (n ϭ 2) toxicity results in mg/L Corexit 9500 (Nalco/Exxon Energy Chemicals, Sugar Land, TX, USA). *n ϭ 3; **n ϭ 4; NA ϭ not applicable; NOEC ϭ no-observed-effects concentration; LC50 ϭ median lethal concentration; EC50 ϭ median effective concentration Final dispersant concentrations were then corrected for any required dilutions. All dispersant-only solutions were analyzed the day of preparation.
Analysis of nonvolatile hydrocarbons included both saturated hydrocarbons and aromatics. The saturated group included the n-alkanes (decane [C 10 ]-pentatriacontane [C 35 ]) as well as the branched compounds pristine and phytane. The aromatic group included naphthalene, fluorene, phenanthrene, anthracene, debenzothiothene, pyrene, chrysene, and the alkylated homologues. The analysis was conducted using a gas chromatography-mass spectrometer method that was previously presented by Mills et al. [28] . This analysis included liquid-liquid extraction of the solutions with methylene chloride. The gas chromatography-mass spectrometer analysis was conducted on a HP 5890 II gas chromatograph coupled to an HP 5972A mass spectrometer integrated with HP MS Chemstation software (Hewlett-Packard, Palo Alto, CA, USA). The mass spectrometer was operated in the electron ionization mode and tuned with an internal standard according to the manufacturer's specifications. All analyses were completed using the scan mode from 50 to 550 m/z (method is based on U.S. EPA SW-846 8260). The target compounds were quantified using the extracted ion chromatograms for the appropriate quantifying ions.
RESULTS AND DISCUSSION
Water quality parameters
In all macroorganism tests, the water quality was monitored. The pH for all tests ranged from 7.0 to 7.9. Water temperatures for all tests were 25 Ϯ 2ЊC. At a test temperature of 25ЊC and salinity of 20 ppt, the oxygen saturation limit in water is 7.3 mg/L [24] . For warm-water species, dissolved oxygen concentration must not fall below a minimum concentration of 4.0 mg/L [24] . For all macroorganism tests, allowable dissolved oxygen concentrations were maintained above the minimum concentration.
Corexit 9500 toxicity determination
Average toxicity results for Corexit 9500 dispersant-only toxicity tests are shown in Table 1 . Validity of laboratory test procedures is supported by similar Corexit 9500 continuous exposure LC50s, reported in an independent study by Edwards et al. [14] , for A. bahia and M. beryllina of 21 and 79 mg/L, respectively. Of the three macrooganisms evaluated in the present study, A. bahia was the most sensitive macrospecies to Corexit 9500 continuous exposures as indicated by the lowest mean LC50 value compared to the mean LC50 values of M. beryllina and C. variegatus. Conversely, A. bahia was observed to be the least sensitive macrospecies to declining Corexit 9500 exposures with the highest average LC50 value compared to the LC50 values of C. variegatus and M. beryllina.
Closer inspection of the data shows that the M. beryllina LC50 was nearly the same for the continuous and declining exposures, whereas the declining exposure LC50 of A. bahia and C. variegatus were greater than continuous exposure LC50s by factors of 28 and 3.7, respectively. This observation suggest that the M. beryllina is possibly subject to a toxicity threshold, while the toxic effects of Corexit 9500 are cumulative over time for both A. bahia and C. variegatus. Microtox (V. fisheri) data resulted in a mean LC50 of 170 mg/L (n ϭ 4), which fell between the average continuous and declining LC50 of the three macrooganisms and suggest that Microtox is a suitable method for determining the toxicity of Corexit 9500 in estuarine and marine systems.
Oil-only toxicity determination
Mean effective toxicity results for weathered Arabian medium crude oil-only media are shown in Table 2 . Americamysis bahia was the most sensitive organism to the weathered Arabian medium crude oil-only media as indicated by the lowest LC50 for the continuous exposure scenario. Additionally, A. bahia was the only organism to respond sufficiently to declining oil-only exposures to calculate an LC50. The average declining exposure LC50 included the highest test concentra- 
Oil-plus-dispersant toxicity determination
The mean weathered Arabian medium crude oil-plus-dispersant effective concentrations are shown in Table 3 . Americamysis bahia, with the lowest continuous LC50, was the most sensitive macroorganism to the continuous oil-plus-dispersant exposures followed by M. beryllina and C. variegatus. The average continuous exposure LC50 included the highest test concentration for C. variegatus to provide a conservative estimate of the median lethal concentration. Conversely, species sensitivity to declining oil-plus-dispersant exposure was reversed as indicated by the declining exposure LC50 values. Further evaluation of the data indicates that no significant difference exists between the declining exposure fish LC50s. However, the average fish (M. beryllina and C. variegatus) declining exposure LC50 of 33 mg/L was significantly lower than the average mysid shrimp declining exposure LC50 of 59 mg/L. This observation contrasts with the oil-only observation and again suggests that the two fish species are more sensitive to petroleum hydrocarbons than the shrimp. Vibio fisheri sensitivity to oil plus dispersant was comparable to the macroorganism sensitivity as indicated by an EC50 value that fell between the mean continuous and declining exposure macroorganism LC50 values.
Initial C. variegatus continuous exposures to oil plus dispersant resulted in no response at concentrations previously tested in M. beryllina and A. bahia bioassays. However, higher concentrations that resulted in lethal responses were accompanied with deficient oxygen concentrations within 24 h. Thus, concern arose that observed mortality was due to low oxygen concentrations and not oil-plus-dispersant toxicity. To address this concern, a media series was prepared and monitored for oxygen depletion over a 24-h period (the time span between required solution exchanges) in the absence of test organisms. The results showed that oxygen levels dropped below acceptable levels at oil-plus-dispersant loads of 0.40 g/L and above. Therefore, the highest oil loads for oil-plus-dispersant continuous exposure tests were limited to 0.25 g/L. No observed adverse effects resulted from exposures to media prepared with the low oil loads. However, it was possible to dispel concerns of lethal effects due to oxygen depletion.
Unweathered oil-only and oil-plus-dispersant toxicity evaluation
The majority of the tests presented in this paper used weathered crude oil. The rationale behind this experimental design is that oil at sea loses most of its volatile hydrocarbons through weathering processes within 24 to 48 h following a spill [7] . Because of the logistics involved in mounting a full-scale dispersant response to a spill, it was assumed that ample time would pass for significant weathering to occur. For these reasons, dispersant toxicity testing with unweathered crude oil was deemed unrealistic. However, media prepared with unweathered crude oil were subjected to limited testing with M. beryllina under declining exposure conditions. Toxicity results (effective concentrations) of unweathered oil media were calculated only on the basis of nonvolatile hydrocarbons to allow direct comparison to effective concentrations obtained from the weathered crude oil test. Average M. beryllina LC50s for both unweathered and weathered crude oil-only and oil-plusdispersant media are presented in Figure 2 . Inspection of Figure 2 shows that the unweathered oil-only LC50 is considerably lower than the oil-plus-dispersant LC50. Also shown in Figure 2 is a decrease in toxicity (elevated LC50) associated with the oil weathering process, implicating the volatile hydrocarbons as the responsible agents for the increased toxicity observed with the unweathered oil media.
Volatile organic hydrocarbons represented about 25% of the unweathered crude oil [27] . Therefore, analysis of unweathered crude oil media was extended to include the volatile compounds benzene, toluene, ethyl-benzene, and xylene and are referred to as volatile hydrocarbons in here. Figure 3 shows that the unweathered oil-only hydrocarbon concentrations are Environ. Toxicol. Chem. 23, 2004 C. Fuller et al. dominated by the more soluble volatile hydrocarbon fractions compared to nonvolatile hydrocarbon fractions. Conversely, Figure 4 indicates that the nonvolatile fractions dominate the unweathered oil plus dispersant. Figures 3 and 4 show similar volatile hydrocarbon concentrations in the two media types, while the nonvolatile hydrocarbons are considerably higher in the oil-plus-dispersant media relative to the oil-only media. Evaluation of the toxicity data presented in Figure 2 and the media chemistry data presented in Figures 3 and 4 suggests a possible relationship between lower toxicity and the presence of nonvolatile hydrocarbons.
Dispersant contribution to chemically dispersed oil toxicity
The cumulative mean dispersant-only LC50 of 320 mg/L for the three macroorganisms under both continuous and declining exposure regimes is one order of magnitude greater than the cumulative (all macroorganisms and exposures) average oil-plus-dispersant LC50 of 21 mg/L. Nominal oil loads on the order of 0.5 grams/L are required to reach an oil-plusdispersant nonvolatile hydrocarbon concentration of 25 mg/L (data not shown). Applying the manufacturer's prescribed dispersant dosages (one part dispersant to 10 parts oil) results in a theoretical dispersant application equivalent to 50 mg/L, a factor of six below the cumulative average dispersant-only LC50. These observations indicate that the dispersant's contribution to the observed oil-plus-dispersant toxicity is minimal.
Oil-only versus oil-plus-dispersant toxicity evaluation
The mean continuous exposure oil-only LC50 of 3.3 mg/ L ( Table 2) was not significantly (␣ ϭ 0.05) different from the mean continuous exposure oil-plus-dispersant LC50 of 4.6 mg/L (Table 3) . Similarly, the A. bahia declining exposure oil-only LC50 of 55 mg/L (Table 2) was not significantly (␣ ϭ 0.05) different from the mean declining exposure oil-plusdispersant LC50 of 59 mg/L (Table 3) , although the oil-plusdispersant toxicity is higher in both cases. Contrary to the macroorganism evaluation, the V. fisheri data indicated that the oil-only LC50 of 1.1 (n ϭ 4) ( Table 2 ) was significantly (␣ ϭ 0.05) lower than the oil-plus-dispersant LC50 of 18 (n ϭ 4) ( Table 3 ). This observed difference between the microand macroorganisms suggests that uptake of toxic components bound in a colloid are less available to bacteria than soluble toxins. As a generality, the results demonstrate that the oilplus-dispersant media have toxicity that is either equal to or less than the toxicity of oil-only media. This may be an important consideration from the perspective of dispersant use risk analysis.
Exposure regime evaluation
Comparisons between continuous and declining exposure toxicity data were made within media type groups (dispersant only, oil only, oil plus dispersant) to determine the difference between the different exposure regimes. For Corexit 9500, the mean declining exposure LC50 was greater than the mean continuous exposure LC50 by a factor of five, but the difference was not significant (␣ ϭ 0.05) ( Table 1) . Evaluation of the mean oil-only LC50 values showed that the mean continuous exposure LC50 of 3.3 mg/L was significantly (␣ ϭ 0.05) less than the A. bahia declining exposure LC50 (Table 2) . Americamysis bahia was the only organism with sufficient response to calculate an oil-only declining exposure LC50. The observation that declining oil-only exposures resulted in higher LC50 values clearly demonstrates that declining exposures are less toxic than continuous exposures. Supporting evidence for this result was given by finding that the mean continuous oil-only LC50 of 3.3 mg/L was not significantly different (␣ ϭ 0.05) from the mean declining exposure NOEC of 14 mg/L (concentrations that produced a 50% response during continuous exposures produced no response with the rapidly declining exposure; Table 2 ). Similarly, the average oil-plus-dispersant ( Table 3 ) data showed that the declining exposure LC50 was significantly (␣ ϭ 0.05) greater than the continuous LC50 by a factor of nine. In all media evaluated (dispersant only, oil only, and oil plus dispersant), the average declining exposure effective concentrations were greater than the continuous exposure effective concentrations, suggesting that declining exposures were less toxic than the continuous exposures, but the difference is statistically significant for the oil-plus-dispersant media only.
The previous test matrix toxicity evaluation indicated no toxicity difference between the oil-only and oil-plus-dispersant solutions when tested with the macroorganisms. Therefore, the combined average of both the oil-only and oil-plus-dispersant toxicity results from the continuous exposure tests was compared to the combined mean of the oil-only and oil-plus-dispersant toxicity results from declining exposure tests. A singletailed analysis of variance indicated that the cumulative average continuous exposure LC50 of 3.9 mg/L was significantly (␣ ϭ 0.05) lower than the cumulative average declining ex- posure LC50 of 37 mg/L and shows that the combined declining exposures are significantly less toxic than the combined continuous exposures.
Unweathered oil versus weathered oil toxicity evaluation
Oil only. The unweathered oil-only LC50 of 0.52 mg/L was lower than the weathered crude oil-only NOEC of 23 mg/L by a factor of 44 (Fig. 2) . This toxicity difference may be explained by compositional differences between the two oils and the subsequent compositions of the resultant toxicity media. Page et al. [29] showed that the nonvolatile hydrocarbon concentrations in dispersed oils prepared with weathered crude oil were composed of both colloidal and soluble fractions. To evaluate the extent that colloidal or solubility mechanisms contributed to the nonvolatile hydrocarbon concentration in the unweathered oil media, it was necessary to calculate the predicted solubility of the volatile and nonvolatile hydrocarbon fractions, respectively. Then the colloidal fraction was determined by the difference between the total component concentration and the soluble fraction [29] .
Using a modification of Raoult's law, the solubility of the nonvolatile and volatile hydrocarbon components was estimated [30] . Banerjee et al. [30] developed a solubility analysis for organic complex mixtures (such as petroleum crude oil) where the aqueous-phase concentration of an organic compound in a two-phase water/complex mixture system is defined as
where C w is the compound concentration in the aqueous phase (mg/L), X is the mole fraction of the compound in the organic phase, and S L is the aqueous solubility of the pure liquid compound (mg/L). For this demonstration, the nonvolatile hydrocarbon mole fraction in the unweathered parent oil was estimated to be 100% minus the volatile, resin, and asphalt fractions. The weathering process resulted in a 25% reduction in the volume of crude oil due to volatile losses of all fractions lighter that nonane (C9) [27] . The mean weight percent of resins plus asphalts in crude oils is reported to be about 14% [31] . Therefore, the nonvolatile hydrocarbon mole fraction was estimated to be 100% Ϫ 25% Ϫ 14% ϭ 61%. Chromatogram analysis indicated that the volatile hydrocarbon mole fraction was on the order of 0.45%, based on area percentage. The solubility constant for the nonvolatile hydrocarbon fraction was estimated as the mean solubility of selected normal alkanes, including C10, C12, C14, C15, C17, C19, C21, C22, C25, C26, C28, C29, C31, C33, and C35 [32] . Solubility constants and parent oil mole fractions of individual volatile hydrocarbon components are shown in Table 4 [32] . Using the expression in Equation 3 , the predicted aqueous phase concentrations of volatile and nonvolatile hydrocarbon fractions would be 1.5 and 0.00081 mg/L, respectively (Table 4) . Observed volatile hydrocarbon concentrations in the unweathered oil-only media ranged from 1.1 to 8.7 mg/L (Fig.  3) and were within the same order of magnitude as the predicted aqueous volatile hydrocarbon concentration of 1.5 mg/L (Table 4) . Conversely, the observed oil-only nonvolatile hydrocarbon concentrations ranged between 0.20 and 0.96 mg/L (Fig. 3) and were greater than the predicted aqueous concentration by three orders of magnitude, indicating that the nonvolatile hydrocarbon fractions are composed almost entirely of colloidal oil.
If the nonvolatile hydrocarbon fraction is assumed to be 100% colloidal, as an extreme case, the colloidal volatile hydrocarbon contribution can be estimated by (5) where X Volatile ϭ mole fraction of volatile components in parent oil, X Nonvolatile ϭ mole fraction of nonvolatile components in parent oil, and [Nonvolatile] ϭ nonvolatile hydrocarbon concentration determined by gas chromatography-mass spectrometry. This calculation indicates that the colloidal volatile hydrocarbon contribution in the unweathered oil only is estimated at 10 Ϫ3 mg/L and is four orders of magnitude less than the observed total volatile hydrocarbon concentrations (Fig. 5 ). These observations suggest that colloidal and solubility mechanisms drive the nonvolatile and volatile hydrocarbon concentrations, respectively.
The volatile hydrocarbon fractions were lost during the oil weathering process, resulting in weathered oil volatile and nonvolatile hydrocarbon mole fractions of 0 and 100%, respectively. Based on the modified Raoult's law, the predicted aqueous-phase volatile and nonvolatile hydrocarbon concentrations at equilibrium would be 0 and 0.00132 mg/L, respectively. Observed nonvolatile hydrocarbon concentrations in the weathered oil-only media ranged from 2.5 to 32.0 mg/L (data not presented) and were well above the predicted aqueousphase concentrations, suggesting that a colloidal mechanism was the primary contributing factor to the nonvolatile hydrocarbon concentrations in weathered oil-only media. This analysis demonstrates that both physical and chemical differences existed between the two media types (unweathered and weathered oil-only media). Physically, the petroleum components in the unweathered oil oil-only media were primarily soluble compared to the weathered oil-only media that were predominantly colloidal. Chemically, the petroleum components in the unweathered oil-only media were dominated by the soluble aromatic fractions (volatile hydrocarbons) as shown in Figure 3 . These volatile components were removed during the weathering process and therefore not present in the weathered oil-only media. Combining this analysis with the toxicity data suggests that oil-only media with high soluble petroleum hydrocarbon concentrations were more toxic than media with high colloidal hydrocarbon concentrations. These findings are consistent with previous work that suggests that petroleum hydrocarbons absorbed in macromolecular dissolved organic structures (colloidal micelles) are relatively unavailable for uptake by clams [33] .
Oil plus dispersant. The unweathered oil-plus-dispersant LC50 of 9.5 mg/L was not significantly (␣ ϭ 0.05) different from the weathered oil oil-plus-dispersant LC50 of 31 mg/L (Fig. 2) , although the weathered oil-plus-dispersant LC50 was higher than the unweathered oil-plus-dispersant LC50. Figure  4 shows that the nonvolatile hydrocarbon fractions dominated the unweathered oil-plus-dispersant media, with nonvolatile hydrocarbon concentrations ranging between 0.77 and 25 mg/L compared to a volatile hydrocarbon range of 0.62 to 5.7 mg/L. At the higher oil loadings, nonvolatile hydrocarbon concentrations exceeded the predicted aqueous concentration of 0.0032 mg/L by three to four orders of magnitude. This again suggests that the observed nonvolatile hydrocarbon fractions existed in a colloidal form. The volatile hydrocarbon concentration of the unweathered oil-plus-dispersant media, at the higher loadings, exceeded the predicted solubility by a factor of four. However, the oil-plus-dispersant volatile hydrocarbon concentrations (Fig. 4) were comparable to the oil-only volatile hydrocarbon concentrations (Fig. 3) , indicating that solubility mechanisms were driving the observed volatile hydrocarbon concentrations in the oil-plus-dispersant media.
To evaluate solubility as the mechanism driving the volatile hydrocarbon concentration in the unweathered oil-plus-dispersant media, the colloidal volatile hydrocarbon contribution was calculated using Equation 4 . Results from this simulation are shown in Figure 6 and show that the mean colloidal volatile hydrocarbon contribution is about 1.9% of the total volatile hydrocarbon concentration. Thus, the unweathered oil-plusdispersant media have a substantial soluble volatile hydrocarbon load compared to the weathered oil-plus-dispersant media where volatile hydrocarbon fractions are not present in colloidal or soluble form. This observation again shows that increased toxicity (lower LC50s) is associated with the presence of soluble hydrocarbon components. The lack of significant difference in the toxicity values of the unweathered and weathered oil-plus-dispersant media is likely due to high concentrations of colloidal nonvolatile hydrocarbon fractions in oilplus-dispersant media prepared with both weathered and unweathered oil.
Unweathered oil-only and oil-plus-dispersant toxicity evaluation
Comparison of the M. beryllina data showed that the declining exposure unweathered oil-plus-dispersant LC50 of 9.5 mg/L was significantly (␣ ϭ 0.05) greater than the declining exposure oil-only LC50 of 0.52 mg/L by a factor of 18 ( Fig.  2) . This variance in toxicity may also be explained by physical and chemical differences of the two media. Figures 3 and 4 indicate that the volatile hydrocarbon concentrations in both media are similar with the oil-only media ranging from 1.1 to 8.9 mg/L and the oil-plus-dispersant media ranging from 0.62 to 5.7 mg/L. However, the mean oil-plus-dispersant nonvolatile hydrocarbon concentration of 9.1 mg/L is greater than the mean oil-only nonvolatile hydrocarbon concentration of 0.46 mg/L by a factor of 20, which is comparable to the observed difference in the LC50s. As discussed in the previous sections, the volatile fractions exist primarily as soluble components in both media, while the nonvolatile fractions exist primarily as a colloidal suspension because of its low solubility. Therefore, the median lethal effects are being manifested in media with similar soluble hydrocarbon concentrations, while the average LC50s of the two media differ proportionally to the nonvolatile hydrocarbon concentration. This observation agrees well with a mechanism presented by Boehm and Quinn [33] where a hydrocarbon dissolved in a colloidal micelle will pass through the gills and therefore will not be taken up by the organism while the uptake of soluble hydrocarbons is an equilibrium process across the gill membrane. This mechanism also implies that the apparent toxicity differences are due to LC50 determinations based on differences in the relatively noneffective, with respect to observed toxicity, colloidal components.
CONCLUSION
The goal of this study was to evaluate the potential ecological effects of using dispersants in marine oil spills. This goal was accomplished with bioassays to determine the toxicity of the relevant dispersant only, oil-only, or oil-plus-dispersant media, with three macro-and one bacterial indicator species. The study was also designed to determine the relative toxicity of two different exposure regimes, declining or continuous. Finally, the effects of weathering on oil-only and oil-plusdispersant media toxicity were evaluated, and this analysis included the determination of toxicity mechanisms as related to aqueous solubility and the contribution of colloidal particles composed of petroleum hydrocarbons.
Oil and dispersant toxicity to selected marine species Environ. Toxicol. Chem. 23, 2004 Chem. 23, 2949 This study first showed that dispersant toxicity in field applications would be negligible compared to the oil toxicity. Next, the data showed that weathered oil-plus-dispersant toxicity was less than or equal to the toxicity of the weathered oil only on a nonvolatile hydrocarbon basis. Exposure regime evaluation indicated that continuous exposures to oil-only and oil-plus-dispersant media produced toxic responses more readily than declining concentrations, thus implying that dispersed oil toxicity would be significantly less in systems where dilution produces rapidly declining exposures compared to relatively long, continuous exposures.
Limited testing with the unweathered oil oil-only and oilplus-dispersant media demonstrated that solubility and colloidal mechanisms were responsible for mobilizing petroleum hydrocarbon fractions into the different media. In the unweathered oil-only media, solubility was the dominant mechanism with the primary petroleum hydrocarbon component being the volatile hydrocarbon fractions. In the unweathered oil-plus-dispersant media, a colloidal phenomenon was the dominant mechanism with the primary petroleum hydrocarbon component being the nonvolatile hydrocarbon fractions. Increased toxicity was associated with the presence of soluble (volatile) hydrocarbons. Conversely, lower toxicity was associated with media where colloidal oil fractions were shown to be the major nonvolatile hydrocarbon component.
